It is demonstrated by means of density functional and ab-initio quantum chemical calculations, that transition metal -carbon systems have the potential to enhance the presently achievable area density of magnetic recording by three orders of magnitude. As a model system, Co 2 -benzene with a diameter of 0.5 nm is investigated. It shows a magnetic anisotropy in the order of 0.1 eV per molecule, large enough to store permanently one bit of information at temperatures considerably larger than 4 K. A similar performance can be expected, if cobalt dimers are deposited on graphene or on graphite. It is suggested that the subnanometer bits can be written by simultaneous application of a moderate magnetic and a strong electric field. PACS numbers: 31.15.es, 75.30.Gw, 75.75.+a Keywords: applications of density functional theory, magnetic anisotropy, magnetic properties of nanostructures 1 Long-term magnetic data storage requires that spontaneous magnetization reversals should occur significantly less often than once in ten years. This implies that the total magnetic anisotropy energy (MAE) of each magnetic particle should exceed 40 kT , 1 where k is the Boltzmann constant and T is the temperature. Among the elemental ferromagnets (Fe, Co, Ni, and Gd), cobalt metal shows the highest MAE, about 0.06 meV per atom in the hexagonal close packed structure. Thus, Co is the main ingredient of magnetic data storage materials at present. At room temperature, data loss due to fluctuations is avoided, if a Co grain contains not less than 40 k · 300 K/0.06 meV ≈ 15,000 atoms. In fact, the grain diameter of contemporary Co(Cr,Pt,SiO 2 ) recording media is close to 8 nm, each grain containing about 50,000 atoms and each bit being composed of some dozen grains.
Long-term magnetic data storage requires that spontaneous magnetization reversals should occur significantly less often than once in ten years. This implies that the total magnetic anisotropy energy (MAE) of each magnetic particle should exceed 40 kT , 1 where k is the Boltzmann constant and T is the temperature. Among the elemental ferromagnets (Fe, Co, Ni, and Gd), cobalt metal shows the highest MAE, about 0.06 meV per atom in the hexagonal close packed structure. Thus, Co is the main ingredient of magnetic data storage materials at present. At room temperature, data loss due to fluctuations is avoided, if a
Co grain contains not less than 40 k · 300 K/0.06 meV ≈ 15,000 atoms. In fact, the grain diameter of contemporary Co(Cr,Pt,SiO 2 ) recording media is close to 8 nm, each grain containing about 50,000 atoms and each bit being composed of some dozen grains. 2 The grain size could be considerably reduced by using the intermetallic compounds FePt or CoPt with record MAE of almost 1 meV per atom in their structurally ordered L1 0 bulk phase. It is, however, hard to achieve the required ordered structure in nano-particles. 3 Obviously, a further reduction of the bit size is primarily limited by the value of MAE per atom. Recent efforts to enhance this value were focused on single atoms or small clusters deposited on the surface of heavy metals. This approach combines two ideas: 4 Firstly, the magnitude of MAE is related to the size of the orbital moments. The latter are quenched for highly coordinated atoms but can be large if the coordination is low. Secondly, the magnitude of MAE is related to the strength of spin-orbit coupling which grows with atomic number. Considerable progress was achieved in this way by deposition of single Co atoms on a Pt surface, yielding a record MAE of 9 meV per Co atom. 5 Unfortunately, clusters of several Co atoms on Pt show a much smaller MAE per atom, roughly inversely proportional to the number of atoms.
5
More recently, the magnetic properties of transition metal dimers came into the focus of interest. 6, 7, 8, 9 Isolated magnetic dimers are the smallest chemical objects that possess a magnetic anisotropy as their energy depends on the relative orientation between dimer axis and magnetic moment. Huge MAE values of up to 100 meV per atom were predicted by density functional (DFT) calculations for the cobalt dimer.
6,7,9
Transition metal dimers can routinely be produced by sputtering and subsequent selection using mass-spectroscopy. 10 It is impossible, however, to access the huge MAE of dimers unless they are bound to some medium. as well as the geometry of the Bz were fixed. We find a binding energy of 1.39 eV for the Co 2 dimer to the Bz and a perpendicular orientation of the dimer axis to the Bz plane in the ground-state structure. We are not aware of previous investigations for this structure of Co 2 C 6 H 6 . Perpendicular arrangement of transition metal dimers on Bz was evidenced before by spectroscopy on Pd 2 C 6 H 6 and Pt 2 C 6 H 6 . 17 Also, gold dimers were predicted to prefer a perpendicular orientation on graphene. The most important feature of the Co 2 level scheme is a two-fold degenerate singly occupied 3d-δ * u state. It is split by spin-orbit interaction (not shown), if the magnetic moment is oriented along the dimer axis but stays degenerate if the moment is perpendicular to the axis.
6,7 The related energy difference, the MAE, was predicted to be 50 to 60 meV per molecule. 6, 7, 9 This value should be considered as a lower estimate (L) to the expected MAE since it was evaluated without allowing for the so-called orbital polarization corrections.
Rather an upper estimate (U), 188 meV per molecule, 9 is obtained by including OPC.
Surprisingly, it turns out that bonding of Co 2 on Bz does not lead to any deterioration of its magnetic properties, but rather improves them: The spin moment stays 4 µ B , as in the free dimer. Noteworthy, any other spin state, including an anti-ferromagnetic solution with about 2 µ B on each Co atom, has a much higher energy, at least 800 meV above the ground state. As a consequence, the 3d-δ * u level is still singly occupied, Fig. 2 . It is now further separated from the other levels than in the free dimer. Thus, while the lower estimate to MAE is hardly changed (51 meV per molecule), the upper one (330 meV per molecule) is even higher than in the free dimer. This huge MAE is accompanied by a large ground state orbital moment, about 2 µ B per molecule. The latter is largely suppressed if the total magnetic moment is directed parallel to the Bz plane. For this orientation, the 3d-δ * u level is split by a tiny Jahn-Teller distortion of the Bz with hardly any influence on the MAE.
The CoBz molecule was earlier investigated both experimentally 22 and by quantum chemical calculations, 23 but its magnetic behavior deserves further studies. 
